This study investigated the genetic structure of a population of the highly outcrossed perennial shrub, Banksia spinutosa. Three variable loci were detected; Pgm1, Adh1 and Pgi2. Some genetic differentiation was detected in the population, and as a whole it deviated from a panmictic unit.
Introduction
In plant populations, patterns of mating and population genetic structure are considered to be interrelated. The spatial distribution of genotypes in a population will limit the types of potential mates a plant can have and, in turn, the mating system is generally thought to be an important determinant of the spatial structuring of genes (Loveless & Hamrick, 1984) . For example, panmictic or highly outcrossed populations are usually considered to be relatively homogeneous with genes randomly distributed through the population. On the other hand, inbreeding populations are expected to exhibit genetic structure, existing as small clusters or patches of genetically related individuals (Hamrick et at., 1979) . Until recently, however, there have been relatively few studies on microgeographic differentiation of populations for which the mating system is known (Hamrick, 1982) , and so these predictions have only rarely been tested for plant populations (but see; Ennos, 1985; Soltis & Soltis, 1988; Abbott & Gomes, 1989) , Indeed, some of the species studied do not appear to conform to this general view. Spatial structuring of genotypes has been observed in some apparently outcrossing species (Linhart et at., 1981; Silander, 1984; Wendel & Parks, 1985) , while inbreed- ing species sometimes show spatial genetic patterns more consistent with panmictic expectations (Brown, 1979) . This can arise because the genetic structure of a population will also reflect factors not directly related to the mating system, including evolutionary history, the movement of genes through seed dispersal (e.g. Fumier et at., 1987) , genotype-environment interactions (Hedrick, 1985) and natural selection (Mitton et al., 1980) . Even in outcrossing species gene flow through pollen and/or seed dispersal is often quite restricted (e.g. Smyth & Hamrick, 1987) . This may then create small neighbourhood sizes and so cause substructuring of populations.
Banksia spinutosa (Family Proteaceae) is a woody perennial shrub which flowers during winter. The main flower visitors are birds, mammals and insects (Carthew, 1993) . Flowers are hermaphroditic and are arranged into large compact inflorescences. Individual plants may bear more than 20 inflorescences, allowing geitonogamous pollination. Plants are capable of some self-fertilization, however outcrossed seed is produced preferentially (Carthew, 1991) , and rates of outcrossing for open-pollinated seed do not differ significantly from one (Carthew et at., 1988) . No information is available on microgeographic differentiation in populations of this species. This study aims to test for genetic structuring of a population of the highly outcrossed B. spinutosa, by employing F-statistics (Wright, 1978) and assessing population differentiation among five arbitrarily selected subpopulations.
Methods

Sampling and electrophoresis
The study site was located in Barren Grounds Nature Reserve (30°40'30'S, 1 50°43' 1 5"E) near Wollongong in NSW, Australia. At this site, B. spinulosa forms the dominant understorey species. All plants in the population were permanently tagged and mapped. Samples of unopened flowers were collected from 302 plants selected at random during the flowering seasons of 1987 and 1988. Sampled plants were scattered throughout the population, and samples from neighbouring plants were sometimes collected (Fig. 1 ).
Flowers were kept refrigerated at 4°C until required for electrophoresis, For each sample assayed, pollen from five to 10 unopened flowers was removed and crushed in two drops of borate buffer (pH 9.0), which contained soluble polyvinyl pyrrolidone (20 mg ml) with small amounts of dithiothreitol (1 mg ml -') and a pinch of bromophenol blue. Electrophoretic procedures followed the methods outlined in Carthew et al. (1988) . Ten polymorphic loci were detected, however only three of these could be resolved consistently.
Those samples collected during 1987 were assayed for two enzyme loci; phosphoglucomutase (Pgrn,) and alcohol dehydrogenase (Ad/i1). Those collected in 1988 were scored for an additional locus; glucose-6-phosphate isomerase (Pgi,). All enzymes were assayed using a Tris-malate buffer system. Descriptions of the enzyme loci for Pgm, and Ac/h1 can be found in Carthew et al. (1988) . For PGI, three areas of activity, attributed to three enzyme loci, were consistently observed in the samples, although only one of these (Pgi-) was consistently scorable in pollen. Genetic interpretation of enzyme loci was based on comparisons of pollen genotypes with progeny arrays from open-pollination and controlled crossings (Carthew, 1991) . This was possible because pollen and seed material had the same electrophoretic mobility and were therefore considered equivalent. Pgm1 and Pgi, conformed to regular Mendelian inheritance for codominant alleles. Ac/h1 appears to contain a null allele.
This allele appeared only as a heterozygote with less common alleles, and no homozygote nulls were ever detected, indicating that it is a recessive lethal. As individuals heterozygous for the null allele will appear as homozygotes, slightly fewer heterozygotes will be detected in such individuals.
Data analysis
Several measures were used to summarize the genetic variability in this population, and for most analyses, calculations were facilitated with the use of the program BIOSYS-1 (Swofford & Selander, 1981) . To assess intrapopulation variability, the population was subdivided into five arbitrarily defined subpopulations of equal area (Fig. 1) . As some sampled plants were outside the defined boundaries (38 individuals), these were excluded from analysis involving the subpopulalions but not the total population.
The distribution of genetic variation within and among the subpopulations was analysed using Fstatistics (Wright, 1978) , where 1 -
FIT is the correlation between individuals within the total sample (i.e. total fixation index), and is made up of two components; F15, which describes deviations from Hardy-Weinberg expectations within subpopulations, and FST which measures differentiation between subpopulations. FST was calculated for each allele at each locus, from the relationship FST= a2/p(l -p), where a2 is the total variance among samples, and p is the mean allelic frequency. As binomial sampling variance can bias values when F5T is small (Johnson & Black, 1984) , this component was subtracted from estimates of variance (i.e. a = a2 -a2
where a= p(l -p)/2N), and the corrected variance (a) was used for calculations of ST Heterogeneity of allelic frequencies among subpopulations were calculated for each locus using G-tests. Deviations from Hardy-Weinberg expectations (F15) were tested using heterogeneity chi-square analysis. For FIT, statistical significance was tested using the relationship X2=FIT2N(n-1), for n(n-1)12 d.f., where n is the number of alleles (Ellstrand & Levin, 1980) . To determine the extent to which any deficits of heterozygotes could be attributed to variance in allelic frequencies among the subpopulations (the Wahiund effect), the relationship between heterozygote deficits and variance of allelic frequencies among subpopulations was calculated as 02/He -H0 (where a2 is the variance summed for each locus, He is the expected heterozygosity, and H0 is observed heterozygosity for the total population; Johnson & Black, 1984) . In addition, unbiased estimates of Nei's genetic distance, D, and genetic identity, 1 (Nei, 1978) were calculated. Genetic distances were graphed against geographic distances to give a visual representation of their relationship. Geographic distances between populations were calculated from the midpoint of each subpopulation (see Fig. 1 ).
Results
Allelic frequencies at each locus for the whole population and each subpopulation are given in Table 1 . For Pgm1 and Ac/h,, four alleles were present, while Pgi2 had five alleles. The pattern of allele distribution showed some apparent differences among the five subpopulations, with the less common alleles of each locus being absent in certain sections of the population.
Some variation amongst subpopulations and loci were evident for values of F15, and significant weighted mean values were obtained for Pgin, and Ad/i1 (Table   2 ). In general, Pgrn, exhibited an excess of heterozygotes, while Pgi2 and Ad/i, showed deficiencies of heterozygotes. However, when individual subpopulations were considered, statistically significant values were obtained only in subpopulation number 2 for Ad/i,, and subpopulation number 5 for Pgi2 (Table 2) .
Estimates of FST for all alleles at each locus are given in Table 3 . With the exception of some of the rarer alleles, which were present in only some parts of the population, these standardized variance values were small for most alleles. Furthermore, only one locus (Pgi,) showed significant variation in allelic frequencies among the five subpopulations.
A summary of F-statistics for the population, including estimates of the total fixation index (FIT) are given in Table 4 . Significant deficits of heterozygotes in the population were obtained for Ad/i, and Pgi. Con- (Eanes & Koehn, 1978) .
The results obtained here for FIT were similar to, although slightly higher than, the F15 values obtained (Table 4 ). This indicates that although there was a small amount of differentiation between subpopulations, a larger proportion of the total fixation index (FIT) appeared to be derived from values of F15.
The Wahlund effect arises when groups (or individuals) from different genetic sources are pooled or mixed. This mixing of individuals will thereby create departures from Hardy-Weinberg equilibrium, in the form of reductions in heterozygosity. However, in this population, geographic variation in allelic frequencies could not adequately explain the deficits found, and thus it appears that structuring contributes little overall to the deficits observed. Estimates of the proportion of heterozygote deficiencies that may have arisen through geographic variation in allele frequencies binomial sampling effects, P is the probability from G-tests. revealed that only 12.5 per cent could be attributed to the Wahiund effect (Table 5 ). Not surprisingly, Pgi7 gave by far the greatest contribution, accounting for 42,85 per cent of this value. The negative value obtained for Pgrn1 was derived from the slight excess of heterozygotes for this locus. Analysis of Nei's (1978) genetic distance and genetic identity values indicated that there was relatively little differentiation among the designated subdivisions in this population. This is illustrated by the low genetic distance and high genetic identity values given in Table   6 . However, those areas with greatest geographic distance between them did give the highest genetic distance values (Fig. 2) , and subpopulation number 5, which was the furthest away from the others, exhibited a higher mean distance value (Table 6 ), indicating some differences in this part of the population.
Discussion
This population of Banksia spinulosa is highly outcrossed (Carthew et al., 1988 ), yet there was evidence of some genetic differentiation among the designated subpopulations, and the population as a whole apparently deviates somewhat from a single panmictic unit. Significant deficits of heterozygotes were observed at two of the three loci used. The general prediction for predominantly outcrossing species is that populations should retain a high degree of genetic variability, and achieve extensive mixing of genes (Hamrick et al., 1979) . However, Brown (1979) has noted an apparent 'paradox' between inbreeders and outcrossing species, with outcrossing species often exhibiting heterozygote deficiencies. Although a deficiency of heterozygotes has commonly been cited as evidence for inbreeding (see Linhart et al., 1981) (Nei, 1978) and geographic distance for five subpopulations of B. spinulosa. Geographic distances are taken from the midpoint of each subpopulation.
1983), and the Wahlund effect (whereby individuals from more than one breeding unit are sampled as if they were a single population). If deviations were primarily a consequence of the mating system, such an influence would be expected to be consistent across loci (Soltis & Soltis, 1988) , which is clearly not the case here. For Ad/i1 it is likely that the presence of a null allele contributed to the observed heterozygote deficit. At this locus, there was no evidence of heterogeneity of gene frequencies, and thus little likelihood of a Wahiund effect. However, further analysis of the null allele at this locus is required to ascertain its frequency in the population. Pgi2 also showed a marked deficit of heterozygotes, with some heterogeneity of allelic frequencies and highly significant FST values. For this locus, examination of the percentage of heterozygote deficits which could be attributed to the Wahiund effect revealed that nearly 50 per cent of them could be accounted for by variations in allelic frequencies among the subpopulations. As pointed out by Wendel & Parks (1985) and Slatkin (1985) , selection and/or mutation will give rise to differences in the heterogeneity of genes at different loci, and it is not necessary for loci to behave similarly to invoke a Wahiund effect.
Finally, the patterns observed at this locus may have arisen through selection against heterozygotes at some stage of the life cycle (Allard et at., 1977) . Conclusive evidence of this effect requires more detailed analysis of both parental and progeny genotypes, preferably from controlled breeding experiments.
As there have been no other published studies on spatial genetic variability in species of Proteaceae, it is not possible to determine whether the patterns observed for a single population of B. spinulosa are typical for other populations or species in the family. However, these results can be compared with other long-lived perennial plants which are typically outcrossing. In a review of microgeographical differentiation among species of differing life histories, Loveless & Hamrick (1984) concluded that the prime determinant of genetic structure is the breeding system. However, studies on population substructure in plant populations are typified by variability in results. Population genetic structure has been shown to vary among closely related species (e.g. van Dijk et al., 1988) , between those with similar breeding systems, and even among different populations of the same species (e.g. Soltis & Soltis, 1988) . Substructuring in populations of outcrossing species is particularly common in annuals and conifers, and is often attributed to restricted, or patchy gene flow. It should be noted, however, that even though many populations of outcrossing species show evidence of structuring and differentiation, it is to a much lesser degree than for selfing species (see Loveless & Hamrick, 1984) . This population of B. spinulosa appears to follow that trend in that although deviations from panmixia are evident from the F-statistics presented here, these deviations are small in comparison to other species studied.
Gene flow plays a major role in shaping the spatial distribution of genes in a population. In plant populations, gene flow is mediated through both pollen and seed dispersal, and a prevailing view is that gene flow is quite restricted (Levin, 1981; Hamrick, 1982) . Dispersal of pollen and/or seed usually follows a leptokurtotic distribution, with most dispersal occurring within a few metres of the parent plant (e.g. Bos et al., 1986) . Thus, individuals generally mate with neighbouring ones, generating small neighbourhood sizes (e.g. Cahalan & Gliddon, 1985) . One commonly used measure of gene flow is given by the relationship FST'= 1/(4Nm+ 1) (Wright, 1951 (Wright, , 1965 . Nm in this case is the amount of intrapopulation gene flow (i.e. the product of effective population size and the rate of migration). This measure is thought to be a good approximation for gene flow where m is small, the main assumption being that alleles are neutral (Slatkin, 1985; see also Slatkin & Barton (1989) for an evaluation of methods). Most estimates of gene flow have used species with discrete generations, and very few studies have addressed the assumptions of this measure. Nevertheless, it is possible to gain a rough estimate for species which have overlapping generations (see for example, Larson eta!., 1984; Waples, 1987) , and it appears that at least for estimates of effective population numbers, overlapping generations make little difference to the calculation of 0 Q N (Hill, 1972; Crow & Denniston, 1988) . From the measure of Nm, an approximation for neighbourhood size N,, 2rNm (where N,, is the number of individuals which can interbreed) can also be obtained (Slatkin & Barton, 1989) . Values greater than one imply relatively extensive gene flow, and a limited capacity for genetic differentiation within a population.
When applied to the population of B. spinulosa, a value of approximately 9.75 for Nm, and a neighbourhood size of 61 individuals is obtained. This indicates that the movement of genes occurs over a fairly wide area in this population, despite the finding of some differentiation in the population.
Most species for which estimates of gene flow are available are wind-or insect-pollinated. B. spinulosa is pollinated primarily by birds and small mammals, which are relatively mobile (Carthew, 1992) . Observations on pollinator behaviour indicate that both short and long distance movements by pollinators are quite common, and that pollen dispersal regimes are likely to show considerable variability (Carthew, 1991) . Furthermore, although seed dispersal has not been examined in this study, results from two other Banksia species (Abbott, 1985; R. Whelan personal communication) indicate that this component of gene flow is likely to be quite limited. Thus, in accord with many other plant species, gene flow in B. spinulosa might be expected to be more restricted than it appears. However, patterns of pollen receipt in this population do not reflect actual matings between individuals. Levels of outcrossing are extremely high (Carthew et al., 1988) and although the species is not completely selfincompatible, breeding experiments indicate that outcrossed seed is preferentially selected (Carthew, 1991) .
Moreover, it should be remembered that actual gene flow is determined by reproductively mature plants (Goldenberg, 1987) . For this population of B. spinulosa, it is impossible to know what other selective processes may have occurred prior to and during the establishment of the existing population, as these plants are long-lived shrubs, and are able to resprout after fire.
